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endothelial cell-derived vasoconstrictor; bovine aortic endothelial cell culture; porcine, bovine, and canine coronary artery vasoconstriction IT IS NOW WELL RECOGNIZED that the normal vascular endothelium is not merely a passive physical barrier between blood and tissues but is a widely distributed "organ" possessing many biological functions. In addition to its antithrombogenic function, the endothelium may modulate the reactivity of the underlying vascular smooth muscle cell in its response to various endogenous vasoactive compounds. Furchgott and Zawadzki (12) first reported that when acetylcholine was added to isolated arterial strips precontracted with norepinephrine, a vasodilatory signal was initiated in the intimal (endothelial) layer, which caused the smooth muscle cells of the artery to relax. This endothelium-dependent relaxation of isolated arteries has been confirmed by others (6) and represents a response pattern shared by other vasoactive substances such as thrombin, histamine, arachidonic acid, ADP, ATP, and bradykinin (2, 4-6, IO, 12, 22). In addition, Vanhoutte and colleagues (3) have recently demonstrated the importance of an intact endothelium in opposing the constriction of isolated coronary arteries induced by substances released from aggregating platelets. Collectively, these results illustrate the importance of the endothelial cell (EC) in modulating vascular smooth muscle tone and the functional coupling of these two cell types. Furthermore, it now appears that the EC may perform this function, at least in part, by secreting a vasoactive "second messenger" in response to chemical and/or humoral stimuli present within the vessel lumen. Various intracellular mechanisms have been implicated for this function of ECs, including the lipoxygenase and cyclooxygenase pathways (23). However, recent experiments by Gordon and Martin (14) suggest that the EC production of prostacyclin plays no role in endotheliumdependent relaxation of porcine aorta. Thus the nature of the putative vasoactive substance or second messenger derived from ECs remains unknown. We have investigated the interaction between endothelium and vascular smooth muscle by testing the vasoactivity of the products of ECs in culture. By using primary cultures of bovine aortic ECs and isolated rings of major epicardial arteries, we now report the apparent synthesis and secretion of a potent coronary artery vasoconstrictor by this cell type. In this report we provide an initial characterization of the properties of this novel vasoactive substance produced by ECs.
MATERIALS AND METHODS
Endothelial cell culture. Segments of bovine thoracic aortas were obtained from adult animals at a local slaughterhouse immediately after death. The tissues were placed in phosphate-buffered saline (100 mM; PBS) and processed aseptically in a laminar flow hood. Vessels were cut open longitudinally and rinsed repeatedly with PBS. ECs were collected by gentle scraping of the luminal surface of the aortas with a scalpel blade (#ZZ). Cells were then incubated for 20 min at 37°C in Ca"-free Eagle's minimum essential medium (EMEM, Gibco) containing 0.3% trypsin. After trypsinization the cells were filtered through 75-and lo-pm filters, applied to a Percoll-EMEM density gradient (3:7, vol/vol), and centrifuged at 400 g for 15 min. Final cell suspensions contained EMEM, 0.5 mg deoxyribonuclease/ml, and 1.5 mg soybean trypsin inhibitor (Sigma, type 1-S)/ml and were plated at a relatively high density of 0.75-1.0 x lo6 cells/Z&mm glass cover slip in 35mm Petri dishes. After a 2-h attachment period, cells were flooded with 3 ml of alpha-modification of Eagle's medium (Flow Laboratories; osmolality = 252 mosmol/l) containing 10% horse serum (Flow Laboratories), 100 U penicillin/ml, and 100 rug streptomycin/ml.
Cultures were maintained at 37°C in a humidified environment, and the medium was changed every 48 h. The EC-conditioned media had final osmolalities ranging from 325 to 375 mosmol/l and a pH of 7.4 after 4 days of culture. Phase-contrast microscopy was used to assess the purity and monitor morphology of the primary cultures, which attained confluency and a typical cobblestone appearance after 4-5 days. Viability of the endothelial cell suspensions averaged 88% as estimated by try-pan blue exclusion. C onfirmation of the identity of the cell type was done by positive immunofluorescence of factor VIII antigen using rabbit antibovine factor VIII antiserum (18); normal rabbit serum was used as a control. No significant contamination by fibroblasts or smooth muscle cells was observed during the primary culture period.
Control cell cultures. Normal human skin fibroblasts were obtained as established cell lines (MC-31 and MC-41) from the Repository for Mutant Human Cell Strains, Montreal, Canada and were cultured as described by Gelman et al. (13) . For any given experiment, all cell lines were at the same passage number (*2), and all experiments were done on confluent monolayers of cells. Swiss mouse 3T3 fibroblasts were obtained from Dr. M. Lieberman and cultured as described by Whittenberger and Glaser (25). Fresh 3T3 cultures were started from frozen stocks after six to eight serial transfers and allowed to reach confluency before the medium was harvested. Vascular smooth muscle cells were obtained fresh from rat aorta as described by Harder and Sperelakis (16) and were cultured identically as described earlier for EC culture or were subjected to reaggregate culture as reported by Yoneda et al. (26) . After establishing confluent monolayers of each cell type or after primary culture of smooth muscle reaggregates, each of the cell types were placed into the fresh medium used for culturing ECs. At 24-h intervals aliquots of the conditioned medium were tested for vasoactivity as described below. After testing the conditioned media from control cell cultures, the responsiveness of the isolated muscle segments was evaluated by reconfirming the normal contractile response to EC-conditioned media and to KCl.
Muscle preparation, mechanical measurements, and statistics. Adult porcine hearts were obtained from a local slaughterhouse and immersed in a Krebs-bicarbonate solution at 4°C. Within 30 min the left anterior descending coronary artery (LAD-CA) was carefully resected and cleaned of fat and adherent connective tissue. Arterial segments were cut into &mm-wide rings and suspended in a 3.0-ml chamber filled with a Krebs-bicarbonate solution at pH 7.45 containing (in mM) 118 NaCl, 4.7 KCl, 2.5 CaCIZoHzO, 1.18 KH2P04, 1.18 MgS04, 5.5 glucose, and 25 NaHC03. The solution, with a final osmolality of 270 mosmol/l, was maintained at 37°C and gassed with 95% Oz-5% COZ. Each arterial ring was suspended on a pair of stainless-steel hooks, one of which was fixed to a plate outside the chamber, and the other was connected to a Kristle-Morse DSK force-displacement transducer. The transducer was attached to a rackand-pinion device above the chamber, which was used to adjust the length of the muscle ring. Tension was measured isometrically, and the PO, of the bathing solution was continuously monitored using a Clark-type O2 electrode. Arterial rings were equilibrated in the gassed Krebs solution for 2 h at a passive tension that was predetermined to result in optimal active tension development when challenged with KCl. Muscle contraction was measured as the increase in isometric tension above the initial base line and was expressed as the percentage of a KCl-induced test contracture. For any given segment, the data obtained from it were excluded from further analysis if the final and original steady-state level of force obtained in response to the KC1 test differed by X0%. In some cases, bovine and canine coronary arteries were used; the protocol used was identical to that described for the porcine arteries.
The effect of EC culture media on isometric force development was assessed by adding various dilutions of the conditioned media directly into the muscle chamber. At the maximum concentration tested, the final osmolality in the muscle chamber ranged from 295 to 315 mosmol/l and pH was 7.5. Nonconditioned culture media, which had not been exposed to cells but were cultured and/or treated identically, served as a control for nonspecific effects on isometric force. When testing the effects of culture media on coronary artery contractility, a minimum of three culture media harvested and pooled from three separate cultures were used. Each individual culture consisted of endothelial cells pooled from the aortas of six to eight animals. Mean responses were calculated, and variability was assessed by the standard error of the mean. Differences among means were analyzed by analysis of variance, while comparisons between individual means were made by the Newman-Keuls test; differences were considered significant when P < 0.05.
Testing of receptor antagonists and inhibitors of arachidonate metabolism. In each experiment, which was repeated three times, two rings from the same porcine LAD-CA were incubated at 37°C for 30-45 min after the initial KC1 test contractions. The control muscle was incubated in Krebs solution, while the test segment was equilibrated in Krebs buffer containing the designated concentration of antagonist. After an initial 28 mM KC1 challenge and washout, increasing concentrations of the EC-conditioned media were then added to each segment, and the sensitivity, or the lowest dose at which a response occurred, was recorded. After a dose-response curve was obtained for e ach vessel segmen t, the effectiveness of the receptor blockade was verified by determining the response to the appropriate agonist. In each case, an approximate 100 -fold excess of the appropriate agonist was required to produce th .e sam .e response in the antagonized segment as compared with the control vessel, thus confirming agonists the effectiveness of the receptor blockade. The and dosages necessary to produce a contraction in the antagonized vessel were norepinephrine (3 x lOa M), serotonin (5 x 10e5 M), histamine ( 10m4 M), and acetylcholine (7 x 10B5 M).
The effect of inhibitors of arachidonate metabolism on the responsiveness of the muscle segments was tested as described above. Potential effects of the inhibitory compounds on the EC-production of the vasoconstrictor were evaluated by addition of the drugs to the EC cultures (n = 3, at the concentrations indicated, beginn ing on day 4 of pri .mary culture. Aliquots of conditioned media -were rem tested for .oved after an additional 48 h of culture and vasoactivity, a nd the responses were compared with those obtained with conditioned media harvested from ECs cultured in the absence of the drugs.
Chemical treatments and alkali and acid hydrolysis. On day 4 of culture, EC-conditioned media were harvested from five cultures, pooled, and divided into aliquots for the various treatments, each of which were repeated a minimum of two times. One sample was brought to 0.1% (wt/vol) with sodium dodecyl sulfate, incubated at 25°C for 60 min, and then dialyzed at 4°C overnight against two changes of Krebs solution (2 liters each). The control for this treatment consisted of an identical incubation of EC-conditioned media in the absence of sodium dodecyl sulfate, followed by dialysis against Krebs solution. Trypsin (10B5 M) was added to another sample, and the mixture was incubated at 37°C for 45 min. The reaction was halted with soybean trypsin inhibitor (10B5 M), and the solution was then dialyzed as described above. A control was obtained by identical incubation of ECconditioned media plus trypsin inhibitor, followed by dialysis against Krebs solution. The effect of alkali treatment was evaluated by adjusting the pH of the ECconditioned media to 11.5 with 5.0 N NaOH. After 60 min at room temperature, the pH was readjusted to 7.4. In a similar fashion, the effect of acid hydrolysis was assessed by adjusting the pH of the culture media to 2.5 with 5.0 N HCl, boiling for 30 min, and readjusting the pH to 7.4. After both acid and alkali treatments, the mixtures were centrifuged, and the supernatants were tested for vasoactivity as described earlier.
Electron microscopy. Freshly dissected segments of porcine LAD-CA were fixed in 2% glutaraldehyde-0.2 M cacodylate buffer (pH 7.4) as modified from the method of Graham and Karnovsky (15). After 30 min the tissues were cut into l-mm-thick rings and further fixed in fresh glutaraldehyde-cacodylate buffer for an additional hour. Specimens were then washed and incubated overnight in 0.1 M cacodylate buffer (pH 7.4) followed by a l-h fixation in 1% Os04-0.2 M cacodylate buffer. After severa1 buffer washes, the tissues were dehydrated with ethanol and propylene oxide and embedded in Araldite as described by Luft (19). Thin sections were prepared with a Porter-Blum MT-2B ultramicrotome, doublestained with uranylacetate and lead citrate (24) and examined with a Zeiss EM10 electron microscope. The control vessel segment had a largely intact endothelium with ~5% of the luminal surface denuded; however, no endothelium was evident in the manipulated preparations. The smooth muscle cells of the media in all of the vessel segments appeared intact and undisturbed. RESULTS 
AND DISCUSSION
Bovine aortic ECs were cultured at high density for an initial 4-to 6-day period. After the initial culture period, aliquots of the conditioned media were removed at 24-h intervals and tested for vasoactivity using isolated rings of the LAD-CA. At the first 24-h sampling interval, the conditioned media (with or without 10% serum) elicited a significant vasoconstriction in all LAD-CA preparations tested. The potency of culture media in inducing coronary vasoconstriction increased significantly with time in culture, reaching a maximum on the 3rd or 4th day of incubation. Comparing the vasoactive responses of aliquots of media taken with or without volume replacement indicated that the increase in vasoconstrictor potency as a function of time in culture was due to the progressive accumulation of the constrictor material in the medium. The EC-derived vasoconstrictor was FOUtinely tested on segments of porcine LAD-CA (n = 33); however, both bovine (n = 4) and canine (n = 3) LADCAs also constricted in response to the conditioned meda i .
The vasoconstriction induced in porcine LAD-CA by 10% (vol/vol) EC-conditioned media was of slow onset, with a latency of 0.5-5 min (Fig. IA) . Maximal tension was usually reached within 15 min but on occasion required 30 min or more. In contrast to the KCl-induced contraction, the contractile response to the EC media was characteristically difficult to wash out. Ninety-one percent of the vessels tested (n = 33) did not relax completely after extensive washing, thus illustrating a substantial tonic component to the contractile response. Attainment of the original base-line tension in these vessels required approximately l-2 h. In tandem control experiments under the same experimental conditions, nonconditioned medium was incubated in the absence of cells and then tested for vasoactivity. No response to the control media was obtained in the majority of the vessels, while the remainder demonstrated only a small contraction, which averaged -10% of that induced by the same concentration of conditioned media.
The cumulative addition of EC-conditioned media to a final concentration of 80% in the chamber elicited a contractile response in the LAD-CA of 100 mN over the initial base-line tension (Fig. 1B) segments in response to fixed concentrations of the ECconditioned media. Any response to the same concentration of control media was subtracted. Porcine LAD-CA isometric tension increased in a dose-dependent fashion as the percentage of the EC-conditioned media was increased from 1 to 80% (vol/vol) in the muscle chamber (Fig. 1C) . Saturation of the response did not occur at higher (100%) concentrations of the vasoconstrictor, suggesting that a maximal response was not yet obtained. The variability in the response of the vessels to a fixed concentration of media was most, likely due to differences in the concentrations of the vasoconstrictor substance in each particular pool of media. Repeated challenges to different arterial segments with the same media gave reproducible responses.
Specificity of the cell type involved in producing the vasoconstrictor substance was evaluated by testing the vasoactivity of several media obtained from control cultures of fibroblasts (human skin and mouse 3T3 cells) and vascular smooth muscle cells (rat aorta). Conditioned media (n = 3) obtained from each of these cell types after 4-6 days in culture had no effect on LAD-CA tone when tested at concentrations ranging from 10 to 80% (vol/vol) of the muscle chamber volume. The LAD-CA preparation maintained its responsiveness, since the same contractile response to KC1 and to the EC-condi- tioned media was observed before and after testing the control culture media. The vasoconstrictor apparently requires the influx of extracellular Ca2+, since porcine LAD-CA segments were unresponsive to the EC-conditioned media when the vessels were incubated in a Ca2+-free Krebs solution containing 1 mM ethyleneglycol-bis(@-aminoethylether)-N,N'-tetraacetic acid (EGTA). On removal of the EGTA and addition of 2.5 mM Ca2+ to the same arterial segment, full contractile responsiveness was restored. In addition, the contraction elicited by the EC-conditioned media was completely blocked by the Ca2+-channel antagonist, verapamil (3 x 10B6 M).
Initial dialysis and ultrafiltration experiments indicated that the molecular weight (1M,) of the EC-derived vasoconstrictor was >3,5OO but <12,000. In separate experiments, three different pools of conditioned media were gel filtered on a column of Biogel P-10, and the resulting fractions were bioassayed for vasoactivity using porcine LAD-CA segments. In each case a single predominent peak of vasoconstrictor activity eluted midway between pancreatic trypsin inhibitor (M, = 6,500) and cytochrome c (M, = 12,500). A selectivity curve based on the calculated partition coefficients of standard marker proteins indicates that the average molecular weight (+ SE) of the isolated EC-derived vasoconstrictor is 8,500 c554 HICKEY, RUBANYI, PAUL, AND HIGHSMITH porcine LAD-CA. Three arterial rings were prepared from the same LAD-CA; the luminal surfaces of two of k RBONUCLEASE A the rings were rubbed with a cotton swab and denuded of endothelium as confirmed by transmission electron microscopy. All three arterial segments contracted in response to the EC-conditioned media in a similar dosedependent fashion. We conclude that ECs in primary culture, but not similarly cultured vascular smooth muscle cells or fibroblasts, produce a potent vasoconstrictor of isolated major epicardial arteries. The constrictive action of this material requires extracellular Ca2' and is not species specific, since nine, similar results have and bovine coronary been obtained in porcine, caarteries. The vasoconstriction induced by the EC-derived material is not endothelium dependent, metabolism is unlikely to be related to arachidonic acid ' ? and is unaffected by inhibitors to the major coronary receptor systems, including the serotonergic, HI-histaminergic, cholinergic, and a-and P-adrenergic These data, coupled with the results of the gel filtration experiments, strongly suggest that the vasoconstrictor is a polypeptide with a molecular weight of -8,500.
The preliminary nature of our studies dictates that our interpretation of endothelial cell specificity and the specific synthesis and release of the vasoconstrictor by this cell type may need some qualification. For example, the use of primary endothelial cell cultures, while advantageous in a morph nant cell population may be tor material. Thus passage many respects, has the potential problem that .ologically undetectable yet functional contamithe vasoconstricmary cultures or t 1,500 (Fig. 2) .
The gel filtration behavior and the molecular weight value for the isolated vasoconstrictor are consistent with the substance being a polypeptide with approximately 60-70 amino acid residues. The protein nature of the vasoconstrictor is supported by pharmacological experiments in which we evaluated the effects of various antagonists on the activity of the vasoconstrictor. The vasoconstriction induced by the EC-conditioned media was unaffected by the presence of inhibitors directed against various nonprotein agonist-receptor systems, including the a-adrenergic (phentolamine, 3 x 10d6 M), ,& adrenergic (propranolol, 4 x lob7 M), serotonergic (methysergide, 3 x 10m7M), HI-histaminergic (pyribenzamine, IO-' M), and cholinergic (atropine, 8 x lo-' M). As indicated earlier, the dosages of the various antagonists were effective in blocking the responses to the respective producing of the pri initial plating at lower densities will assist in evaluating this possibility. This approach will also help to answer the question of endothelial cell specificity, which must fibroblast culeither serially be qualified somewhat since tures that we used were ob the control tained from passaged cells or established cell lines. However, conditioned media from primary reaggregate cultures of rat aortic smooth muscle cells did not produce detectable vasoconstrictor activity.
Our initial studies, which demonstrated a significant increase of time in "The coronary artery vasoconstrictor is not likely to be a Droduct derived from arachidonic acid metabolism of eidothelium or of vascular smooth muscle cells. The mechanical response to the EC-derived vasoconstrictor was not affected by the inclusion of phenidone (10B5 M), indomethacin (5 X 10m6 M), or meclofenamate (6 X 10B6 M) during EC culture (n = 3 cultures/inhibitor) or in the muscle chamber (n = 3 muscle segments/inhibitor). Ficells. One might argue, however, that rather than de novo synthesis, the cells may be altering a serum-derived inactive precursor to form a vasoactive product. This mechanism, which could be subject to intracellular regulation, might involve endocytosis of the serum precursor, metabolism, or intracellular modification and subsequent secretion. Our results tend to favor de novo synthesis, since the the endothelial cells generation of the vasoconstrictor could be sustained in the absence bY of serum for a 48-h period. However, due to the propensity of endothelial cells to endocytose serum proteins, longer nally, treatment of the EC-conditioned media with either sodium dodecyl sulfate, trypsin, alkali, or with acid hydrolysis completely abolished the vasoconstrictive effect on porcine CAD-CA segments. Control, experiments using nonconditioned EC culture media similarly treated indicated that the arterial segments maintained full responsiveness despite the presence of the treated media in the muscle chamber.
term serum-free cultures in a defined media and the use of protein synthesis inhibitors will be necessary to eval-
The vasoconstriction elicited by the EC-conditioned media is not dependent on an intact endothelium on the It has been well documented (2, 4-6, 10, 12, 14, 22) in several vascular beds that the endothelium is necessary for the relaxation response to numerous substances as well as to electrical field stimulation.
These observations led to the hypothesis that a diffusible second messenger is released by the EC, which in turn induces relaxation of the underlying smooth muscle. In apparent contrast to the published work on endothelium-dependent relaxation, we have only observed a potent vasoconstrictor in our conditioned EC culture media. Perhaps the lability of the putative EC-derived vasodilator prevented its detection in our bioassay procedure. However, as recently reviewed by Furchgott (II), endothelial cells under certain conditions have been shown to facilitate the contraction of vascular smooth muscle. For example, DeMey and Vanhoutte (7), in comparing the responses of isolated arteries and veins, reported that mechanical removal of the endothelium reduced the maximal contractile response to norepinephrine and decreased the augmentation of the response to norepinephrine caused by anoxia. In a more recent study using canine femoral arteries, DeMey and Vanhoutte (8) have further reported that inhibition of cyclooxygenase does not prevent the potentiating response of anoxia on norepinephrine-induced tone. As they have proposed (B), the generation of a facilitatory substance by the endothelial cell would be a likely explanation of the results. Also consistent with our present and prior findings (1) are the preliminary studies of O'Brien and McMurtry (20) that unstimulated pulmonary arterial or aortic ECs in culture secrete a polypeptide-like vasoconstrictor of bovine pulmonary arteries.
Because we have observed a steady basal secretion of the vasoconstrictor by cultured cells and a considerable tonic component in the contractile response to the polypeptide, one might speculate that the continuous secretion of the constrictor may be responsible for modulating basal tone in the underlying vascular smooth muscle. Chemical or neuronal perturbation of the system could then result in a constriction or relaxation that is mediated by alterations in the basal release of the polypeptide by the endothelium.
In support of this hypothesis being
